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bcn Almwn , NH 87545

John F. Emuer

Bonneville Power Adminlstraclon

Portland, OR 972(IR

the Tacoma Submtmclon LO lnc~rface throu~h m 13.R kV

buo LO the Wuaturn U. !.. Powmr SysLum. rnoLallaL[on

of the SlfES mystom occurrud durins 19R2-R3.

The Inllial oh.kctivc of Lhw SHSS ProRram wtn to

provide ● r~lithle, hiRhly ●vailable n~larnaLe •ean~

to wdulate the Pacific AC Intartia to dsmp unwanLcd

POW- r umcfllacfono. BPA had ●lraaily dcvlm-d a ❑ warm

tn provide th- nccmnoory transminnfon ●Lmhllity hv

modulmtinR thr Pmcific tTV2)C hIt@rLir at thr C.elfla

convurtsr 9LaLion, Where thu d. c. Ifnr lnLerf~C*n

with Lh* ● . c. pritf. 11-6 Clcnrlv, LIIe SMFS nystwm Van

to h ● n ●xparimantal d~vice. TFw prnjrcl oh!rct’

grtrp ●ltgrorl hmcmuso both availmhi lily nnd rwllahl ’

arr noL oufficianL. Wth lhiu knnulrdRr, BPA wm~n

oynlam to ann~aa pnw~r nvntcm dvnmmlcm with rwnl
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● copper metrlx. Small ●ddy current ●nd hymteresls

Ioc@es do occur in ●uparconduccing cnblea ● s a rasult

of the mngn-tlc field varlacion when the SHf!S coil le

charfied and dlncharmed. Othe- hemt lomdn to the 4.5 K

liquid helium bnth ● re from rediacion and comductlon

through the concainltr~ dewar, heat conduction down the

vapor cmolad leedm, ●nd Joule heating lrr the ilell-

vapar cooled leads thmc deliver the pow-r to the coil

#t 4.5 K from ●mbiunt condition. ‘fheae haac loede

ar~ compenneted by ● ~1 (now Koch Procem Industries)

Modul 2bO0 helium r,frig~racor. The refrigerator eleo

CO018 the ■torag.: Coil frm mm~lent temperature to

4.5 K ●nd liqutifiem the hell- for the coil i-rsion

bech.

Thr SMES nynzem interp-e.ti with the utility

throuah crnnnformern ●nd ●n SCR Graetz brldRe

converl .r. The cherglnR-djmcharging rate mnd tha

power flow betw~en the thr~e pheae power line or bun

●nd the coil ● re dc’emlned by the mplitude and

polarltv uf the hridRe voltage. A phmne controlled

conv~rLrr Iequlren reactlvr power from the a.c. bum .

Fur Lhe 3n MJ nV9LWlI ch~ renctive powar cmpellnatjon

requirement cen be ●ddrwnoeti hy opwracfnu the

converLer jn thp connLanL 0, buck-hooaL modr. 7

Th* SW.S nvntem hae current and voltaRe opcratinR

limftam The mhort nample currrnt or llmjtjnR

LranaporL currrnt of thr aupflrconduct~nR cable and th~

mechanical nLructur~ uf LIIW cot] drLcminF thr hiRhent

npt raLjllp currrn L . Appruprfalw rlenlRn factora arc

provided LII ● nnure ■~fr uperallon. Thrae jncludr

●mple Lh rmnl mmrpln ●ur thr nuprrconducLor 10 rmmw~

hral f rom Wddv current ●nd hyntmr~mim lonnen and

jWdV@rLrnL hrmL I’IUISrR Lhnl mav •rin~ frum unplmnned

11111 qujlr ama!l, awlden cnnduclor ● nvem-nt. Stream

nnfi nlrafn mar~in? arv dwnlgn,.d fnlo the coil

ntructurw rnnd thr muperconductlnn cabl~m Cycljc

mlremm cunnlffrrnlfunn for ln~ cvcloa ●riainR ftom lfm

Mlur@{i wn~rpv chanR~d tU 67X ●nd hack 10 )MX ●t

0,15 Nr, WI-I’,. lnc IIlcfo.I! will] cnmpnnmrrt LoaLfnR ffon~ to

aanurl prv~rr p~rfurmnncr.p Thr choicm of ●n cn~rRy

mtoraRv toll iu up-ratr hmtwwan 20 ●nd 30 M jrn hnncrl

wfwn r-duct,,~ Ionmrn tn thr mup~rcunductjnn cahlc with

n r~airfual htan uf maRn~tfc flcld. Thrae factorn, in

~urn, d-i~mln~ thv tfwnlrnhlv low-r currrnL Ipvrl,

althmp,h, of tourr~ , ihw cl)! I can h, compl,t~ly

rf!ntharg, dm rofl frr,llwrtftln hv rapjd rnrrRV tlfa~hnrmr

in(l) m r~mlnlfv,, dump clrcuf! rmqutrwa ● hjBh*r

Wjthmlalld Vl)llnp.c I ha!! :I)wn rrmrmel npcratjon. ‘f’h

11.7’I W tonv-rlvr wp-raL-m httwmmn + 2.7 ●nd -2.n kV,

mhereaa protective ●nargy releasa roqulraa 5 kV

withstand capability ●nd dictaLaa the deairad voltage

level .

A unique feature of the 30 HJ S!0!S mta.llieer

system ie the nonconducting dewar. Because of the

0.35 Rz power flow, ●ddy currente would be induced

mith resiatlve haatin~ of ● convancional ●tainlaaa

stee~ dcwar and would craace an intolerable beet load

to the llquld hell- bath with ●n lncremsa in

refri~arator raqulrementm. ?urthemo-e, ●n

oacillatmy force could be detrimental if the coil

Were ● van ●llghtly off ●xlo in a metal dewar. The

conmaqucnce of thta ●et of condltione waa to have ●

nonconducting fibarglaaa reinforced ●poxy deuar, the

largaet in the world, made to hold the 30 Iu

●uperconductlnR coil.

The refriuarator la supported by sevmral mafor

covnants which ● ra trailer nounted. ‘f?)ene ● r- ●

hea L re.ie:tion trailer, an ●vaporative cooler, to

remove the cmpraaaor waate heat: ● high preaaure flaB

recovery trail-r with diaphragm compr~aaora to pump

●nceaa lmlJ-otf helium R:S into ●toraRu: n ral lway

tub- car for the Raa muppl> ●nd ntoraRe: ●nd m dewar

trailer for storage of liquid nitroRan. The nltro~en

ja used in ● firwt aLaRe heat ●xcharvg~r of the

rafrig@raLOr to conl the helium tqaa rind to trace the

radlstlon ahj~lds of the hcllum trannfer lin~a betwmen

‘he coil dawar ●nd tile refriRormtor’. The complet~d

inaLtllmtion, ● ohr,w plecc ●nd ● t:lbute to the RPA

●nRif;a,,rjng ●nd crafLn ●mployoet, Ie shown in ~jRm ],

711 thw far right fore~round la the railway tube car

for the hvllum Ean ●uppJv. FollowfnR from Lhe riRhL

for~Rrownrl arc th~ COllLro! Lraj]er, IIqujd nitroRen

trallcr, Ran rwcovery MynL_m Lrajlwr ●nd refrfReraLnr,

●nd th~ ho#I ,@l#CtjOn Lrailer. In thr hachRruund arr

the ●cfal,llchl:y ❑OUnL@d d~war/coil ●nd thm conv*rL@r,

rfBhL rear, wiih fL@ power trsnnform~ro. Fjgurw 2

ahowa th~ M W ●uperzol ductirrp tull i-l LhF

nunroMuct.fnR deuar, mountod on Lhp ●pccjnllv

currmtrucLarl acjamlc fuunrfatlon mtfinc~nt to thw h~lfum

rufriReraLvr Lrafl@r. Thr h?lit,m Ifquid delfv~rv arrrl

cold Ran rmLurn trannfvr Iin@@ hptwcrn Lh@ rl~war mnd

rcfrfRerator run ovwrhwnffc

RYhT~ flPEBATlnN

I%@ RMRS ayatcm wam placd into optr;tim in Lh@

MA Rrld In Fehrwaly V’ l~nl, TI19 avp~rc,)ndwctiur

Co!l , vapnr coold Iaadm, nonrvnductirrR d~wnr, ●nd

vatuum ■yatcm ●ll funcLlorv=d III dcnlRn mpvc!fltntlona.
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Fig. 1. 30 M SFES Install aclon *C the BPA Tecou Suberntiom.

G~C COI1/fLOIICOn#ft.CCIngd~uar lmetmllaLlnn●t BPA Tac.Ima %hPteLiJn.
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in-art m 1 ohm raaistor in ●rias with thm coil,

●llown ●corad ●ncrgy co be disslpat~d ● s hamt. Thi8

●nergy rdaa~e circuit in activmtmd upon dataction of

● .c. lina 10ss or ● convartcr failure.

A teat of tha symem rospomst is shown in PiE. A,

which c~parcm ●qusl ●mplicitudu (M) -duhtim fich

conntant VAR or constant O (~) modulation.

Modulation limicn for ● 0.3 Rz mlnumoidal input ●nd ●n

mvermge current of 4.5 kA ●re 9B.3W in M vale, and

*4.7 W in CQ mode.

The refrlgarator oubsyetem, composrd of the

refrigerator iteelf, the liquid nicrogmn storage

trailer, thu ●vaporative cooler serving ●e the haat

rejtiction ●ubmymcem, ●nd ● high prameur~ -me recovery

■yntem, ■ll operste in ●eoentimlly memml mode

oparation. Tlm liquid nitrogm trailer is paeaive md

eupplies liquid nltrogan by premar. thamoetated

metering valvee. The heat rejection treiler ham ●

main coolant pump, ● blower, ●nd ● spray water pump,

all of which run continuously. The high pr=onur~ gan

rdcovery ●yscem heo cwu Corbllrr comprem-ore in

parallel chet OperaLe to pump helium Ram from ● low

pruaeure ●Loragc tank to the rmilway tube car by

on-off oparaclon betwmcn twu premcc premsura !evele

deLacLd by preenurotetn. l%? low prmonura ■tormga

tank 1S ●upplird from the ref:inerator compreosoro

when chu rtifrlgcrmtor vel~linn fe fiaL in “Rerovery”.

Al] thrtie eupportinR rofrigermkor ouhoyateme meet

funcLionnl rrqulr*mrnLn. The danl rcd computer

contrull~d opereLion of the rafrlgermtcr w-- foreson~

heceume of llmftad buds-t ●nrl th~ mhorLened pro~ran

pmrlud. Thr rmfrlRwraLor rvno cont!nuowm]y ●n,! ie

munflurud r~ulllarl~i w~Lh contro; ●djue Lmenln merl~ ● m

raquirori. Inte~.mal conLrul loopn of tha Ran heerinR

Lurhln@n: eumm vraenurr r@~U]ator, rellef type va]vee:

end n hentpr in ?hr internal cold hon JT valvg drwnr

● rr umd lu cuntrul lhr rofrfm@rmLor.

On npv~ral nc~afilunn Lh@ dower uap irolalerf from

t hr rwfriRwrnLur ●nd ellowed Lo vent frmsly Lu th~

aLmucphrr@, ~I@ pm vent rata, moniLor@d for up LO

WIB}L huurn, dropm ●herply for unr 10 LMO hnurm ●nt!

Lhan im mLe\;!~, wlLh IIIC power leeclm vtrlina Rem

vquivalonl lU IS t/h ●nd Lhr downr 1? l/h liquid.

Th=rr arr Lhr@@ malur contrfhuLiunn Lu thw d~w~r hoai

lralt in ihie cunfi~urattun. f’ondtlCLfon dnwn Lh# CUI1

eupporl~, tlrwar wallm, ●nd, mIImL impurlant, duwn the

holiurn Ran culumn: - tkim heat MJ@L be intercepted hy

\ll*flllwillm kllum Earn. (%P dlmaneional computpr

cnlIulmIioIIm prmdictd m 1! l/!I hoil~)ff, conrfuc Lilt I

down the pomer leadn, intercepted by upwerd Cae flow:

alculated boiloff rmce of 8 I/h for both lemds at

zero current ●smumd ● leed of conmtsnt cro88

●ectionel ● rea. The rtinl lead- heve ● very heevy

●octlom for t-he rippmr 202 of their length. Lboratory

-mmuremzntm yielding 15 L/h -re perfomed in ● losay

dewzr ●nd are thue ● s difficult to lntarpret ● m the

prement remlte. The ■ eamuremente did show, however,

that bollofi rate mea independent of current up to

s u. Radiation through the dewmr tiidee ●nd bottom

was calculated to be 28 l/hr.

Thcee three ●ffects ● re not ●dditive.

Calc~letions ●how that heli~ vaporised by radiation

can be ueed co intercept tho conduction loed~ on

mlmoeL ● one-for-one bseio. Rediarion cannot be

separately ●otimeted unlem it fe bigger than the

total dewmr plue lmnd flow. In thee case the dewar

lid and laed tops would run unueuelly cold, contrnry

to ohee~etlun.

The ●sperate dewer ●l lezd flown ●d$ltt to

provide minimum totnl boiloff coneictenc with velve

●ettinge. Purther, we have detemined that ● dewar

vent race of 12 I/h ■inlmizem the refrigerator loed.

Thun , ●ach seperate ven L rete muec be cloea to

minimum.

With the refrigermcor ●ttmched co the coil dawer

in clomed cycle operation there nre three mddir.tonel

‘lent source- in the system, A calorimeter hehLer

locmt~d at the hinh praeture ●(de of the

Joule-Tfrompson (JT) valve can bc ●dfueted to introduce

n knnwn ●mounL of pow~r into thm ●yetem for

rnlihraLion. Uh=n Lh@ coil ie moduleted, heaL Ie

depomjterl in the 11.:ILM bath. l%e heel loed ● L 5 kA

d.cm le lcze Lhen S k. The he]lum transf~r llnen ere

llqufd nltrop! trmcad ●nd nhould havd a heat Ienk of

3 w. ‘Rm obvloue cold spotn ●L Iointn, huwcver,

serloumlv affect oyelem parformarrc-.

An th~ loed on t hw ~y-~em chang~n t hr

refrigerator •Ul_#LiCe~ly ●d,lunLn iLe capmciLy LU

mr?l the chervRarf load. Cunalder, fur lnnLencc, m,

inCraHD@ in COil moduleLiun Lh#L reSUiLn In ●

Lransient ●ncesm of he I f um vaporiceLioll bver

liquefaction. SysLem preosuron rice: ●trl heceue~ Lh~

tumprostur Lhrounhpul in dlrtictly pruporLlunel to Lho

●ucttrm preeturt, Lh~ l!quefecLlon ralt riper until fl

@91 mmLch@B th? new vaporicmLlon ra~e. Tho man~ uf

liquid drnpe imporceptlhly ●nd, In farL, tho Itqultl

level risem notlcaehly dur to themel ●npenmturr. TIM

■ynlam Lime curvnlarvt iD V@I’V ]UnR, dum prinrfpnl~y Lu
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Fig. 4. Taot of EA vormuu CQ ●ovulation.

th~ prcsanc? of 5700 1 of liquid h~lim. Thuo , I

w~thout any oparator intervent ion, tl:e oyetem foilown

-1OW1Y cl\anBing loadn, iunoram rapidly fluctuat ini!

loadn, ●nd operacen very otably ●L conrtant \omI.

Flgu r 5 nhowm calibration dmta in th~ form of

compreeoor ourclon prac .ur~ ●n m funct ion of

calnrim~ter powmro All pnlntn wer~ taken with ●t

Icant a 12 h ●quilibrmtlon time. Non-1 inearity my b~

bel. mum~ myotom temp~raturun ●lso chang~ with heat

input, hadlnR to chanRen in turbin~ ●nd JT valve

●fflclanciea. ?iRur~ 5 roprenants only chmnRen from

?quilibriurn; an ●hmolut~ cnllbratlon reaultc 1! onc

mcc~ptfi thr advcrtlced p~rformenee of 200 u at

1.29HPm (IR07 P-10) comprenmor -uctlnn procoure with

full I,N2 flnw. Thle muctinfi preonur~ r@quiren ~~ U of

rmlnrlmctor heat. The bnehSround heat load of 163 w

In *nmpriued of 90 w (z7 I/h) fnr th~ deumr ●nd lead-

and 7!I W of trnnnf~r Iitw losewo Becauno thr

le

. ~--L- –-l...— -L----
10 no 30 40
Calorimeter HEAl (W)



dewar/leed flow in complttaly satiafied, any ~11

incrermntal haat input into the nystem can be

observed. About 220 W refrigeratio~ car, k obtained

at maximum compreauor dlncharge preenure. With s-e

safaty wrgin, therefore, the ●yotam will tolerate 45

co 50 W of incremental, oteady state power.

The only technique available for coil 1080

meanurementn is to note the etaady rotate change in

compressor suction pretisure cauaed by coil cycling ● t

fixed power and frequt?ncy ●nd to compare the rasult

with that shown in Fig. 5. Theue measurements are

tedioue and ● rror prone due t~ the long qyetem time

constant and che resultant u,lcercainty cauaed by -1OW

diurnal drifts in ●yatem premure and temperature.

The minimum detectable pow:r increment lb about 3 W.

Table I giveu ●xperimental renulcm at two vcluen of

power and three different frequencies, compared co

predicted results.

The computer ia ut!ed to monitor the ShtF.S

subNyateros. Because it iE not ueed for control of the

refrigerator, only a mlnlmum number of data poin:s are

monitored. Control of the power aldc of Sms iE

through the computer. Both parallel and b~)ck-boost or

cunatant VAR modulation of the converter brid,gea ● re

accompllah?d by computer control,

SKES ayatems have been ●dvocated aa ●fficient

energy @toragr ayatema for diurnal loud leveling. The

efficiency of a small SMES unit IEI no& expected :0 be

unuoua]ly high hecauue small helium refrigeratora ● re

inherently inefficient. Rcgardleoa, power loaeea In

the transfopmern and converter are about 300 kU, ●nd

nux[liary pOwcr t [1 all other ~upport uubayntema ia

nbout ~nn kw. TIll[ latter In for running the

refrlgerntor corollrennor~, thr bent r?jection ouboyacem

pump!? nnd hlvwc.r, Ram recnvery compreeaorm , ●averal

f~nn nnd vactlum pump~, ●nd numeroun omall component.

TIIUK, the power long of 70[1 W Ifi ,,I~ly 7% of the 10 HW

penk mt,dulntlon r,atlnR of tll~ SITES

EXIJ!lMIHF,t:TAL Ml)

Pm f

m M

8,/( ] .n

i, , /, I ,rl

&./, 0, h

4.1, (),?

otablllzing ayntem.

FOR CYCLIC LOSSES

(w)
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The 30 W SUES ayatam, danigned to damp unwanted

po?er oacillacinne on the BPA Pacific AC Intertie, waa

completad. The ayocam waa lnatalled ● t the BPA Tacome

Substation and wa u oucceaafully operated in

●xperiments conducted on the Weetern U. S. Powar

6yatam. All major component- -t the functional

deaigrr requirements, ●xcept the refrigerator capacity

10 limitad, snd the computer control of the

rdfrigarator eubeyatem va a not ●ccomplished.

Experiment vith the SMES ayetem covered a wide range

of power levala with frequenclea from 0.1 to 1.0 Hz.

Both parallel and conetant VAR modes oi convert?r

bridge modulation were used cucceaafully. Operation

of the SHES ayatem waa transferred to BPA, and the

ayatem haa now been operated for long periods.
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